The Yinggehai Basin is a Cenozoic high-temperature and high-pressure basin where diapir and thermal fluid activities were so strong that the deeplysourced natural gas accumulated in the shallow traps in the diapir structures. A total of 11 exploratory wells were drilled in 8 diapir structures before 2010, but no commercial gas discoveries were made, provoking a hot debate on the possibility of discovering medium-to-large quality gas reservoirs in the middle and deep layers of the diaper structures. A comprehensive analysis of hydrocarbon generation kinetics, reservoir distribution and sealing conditions revealed the following findings. (1) Three gas-charging mechanisms were identified in the study area, namely slow free gas charging and accumulation under buoyancy, slow charging, evolving and accumulation of water soluble gas, and mixed-phase episodic accumulation. (2) In the hightemperature and high-pressure zones in the core of the diapir, the early gas reservoirs experienced multi-stage transformation at later periods, thus the possibility of forming large gas reservoirs dominated by hydrocarbon is small. In the flanks of the diapir, the early gas reservoirs may be well preserved at later stages, thus it is possible to discover primary gas pools. In the non-diapir zones, water soluble gas reservoirs may occur. (3) Three gas accumulation modes may exist in the study area, namely "the mixed-phase transformation mode" of semi-closed overpressure system in the core and periphery of a diapir, "the gas-phase seepage mode" in the flanks of a diapir, and "the water-phase desolvation mode" of a closed over-pressured system in the nondiapir zones. The analysis revealed that the failure of the previous exploratory drilling was caused mainly by emplacing the wells in the core of the diapir structures. The geochemical behaviors further support that the flanks of a diapir is the favorable place for high-temperature and high-pressure gas accumulation. Exploration practices based on these understandings finally led to the discovery of the large Dongfang 13-1/13-2 gas fields.
Regional geology
Located in the junction of the Pacific Plate, the Eurasian Plate and the Indochina Plate [1, 2] , the Ying-Qiong Basin is a Cenozoic strike-slip-extensional basin, where extremely thick formations deposited (Fig. 1) . Except for the transitory structural inversion in the late Oligocene and late Miocene, the basin has been remaining in marine continuous sedimentation, which is still rapidly subsiding. The deposition rate of the Yinggehai Basin is generally 0.5 mm/a in 40 Ma from the middle Eocene to Quaternary. It is up to 1.4 mm/a with an average of 0.78 mm/a. The maximum thickness in Tertiary-Quaternary exceeds 17 km. Due to rapid sedimentation and subsidence, the strata consists of mainly argiloid with widely developed high-pressure formations caused by undercompaction.
Characteristics of source rocks and evolution of hydrocarbon generation
There are two sets of gas source rocks in the Yinggehai Basin [3, 4] , i.e., Yacheng Formation of Oligocene and Sanya-Meishan Formation of Miocene. Yacheng Formation is a set of coal-bearing source rocks in a coastal plain, which are mainly distributed in the Lin'gao area and its northeast in the Yinggehai Basin. Miocene source rocks, which have been proved as the main gas source rocks of shallow gas fields in diapir zones, are mainly distributed in the central depression of the Yinggehai Basin [3] . The organic carbon content (TOC ) ranges from 0.4% to 2.97% with an average of 1.28%. The organic matter type is mainly type III with a few samples of type II, which mainly generated gas.
Much attention has been paid to the influences of pressure or abnormally-high pressure on the thermal evolution of organic matter of source rocks and hydrocarbon generation processes [5] , which shows in the following aspects: ① overpressure inhibits various aspects of thermal evolution of organic matter and hydrocarbon generation; ② overpressure only inhibits organic matter reactions with high variation rate of product concentration and strong volumetric expansion; ③ overpressure only inhibits the liquid hydrocarbon cracking with strong volumetric expansion; and ④ overpressure has no significant effect on the thermal evolution of organic matter and hydrocarbon generation. The Yinggehai Basin is a typical area where overpressure significantly inhibits thermal evolution of the organic matter of source rocks and hydrocarbon generation. Inhibition of strong overpressure on the evolution of organic matter of mudstones is more obvious, especially in the deep high-temperature and highpressure zones. Huang Baojia et al. [2] thought that overpressure inhibits source rocks in the early stage and promotes the thermal evolution in the late stage. According to the model obtained from kinetic simulation, the hydrocarbon generation history of Miocene source rocks in the Dongfang area in the central depression of the basin was reconstructed to explore the evolution of gas source rocks of Sanya and Meishan Formations of Miocene as well as the differences between them. The simulation results are presented below (Fig. 2) . Source rocks in the bottom of Meishan Formation, whose upper part was in the immature stage, began to be mature partly in the middle sedimentary stage of Huangliu Formation (8 Ma) . Source rocks in the upper part of Meishan Formation began to be mature in the late sedimentary stage of Yinggehai Formation (2.7 Ma) and source rocks in the bottom of Meishan Formation were in the mature gas generation stage. A small part of the source rocks in the lower part of Meishan Formation entered a high mature evolution stage in the early sedimentary stage of Ledong Formation. Source rocks in the lower part of Meishan Formation gradually evolved into high mature source rocks in the sedimentary stage of Ledong Formation-present (1.8e0 Ma). It is in the mature-high mature stage as a whole.
Types of migration and accumulation pathways and assemblage characteristics
Diapirs of echelon arrangement are developed in the basin. Every diapir is shown as a vertical fuzzy zone in the seismic profile. Multi-phase activity of diapirs [6] results in the development of almost upright micro-fractures in diapirs. Due to the small fault throws, the extension length of the fractures varies (in the Miocene). They are not shown obviously in the seismic profiles but mostly as slight distortion of seismic events. The fissure clusters were identified by seismic coherence and hollow technology (Fig. 3) . The exploration of middle-shallow layers reveals that the diapir fuzzy zone is a definitely dominant channel for hydrocarbon migration in the diapirs.
Gas geochemistry
4.1. Gas geochemistry and its difference 4.1.1. Characteristic of gas composition and its difference Gas in the high temperature and overpressure zone of the central diapir zone in the Yinggehai Basin is composed of hydrocarbons and non-hydrocarbons. Hydrocarbons include C 1 , C 2 eC 7 (heavy hydrocarbon components). Non-hydrocarbon gases mainly include CO 2 , N 2 , and a small amount of rare gas. Characteristics of gas composition in the deep hightemperature and overpressure zone are as follows:
1 The content of CH 4 and CO 2 is extremely different. It varies greatly in the DF1-1 gas field in the core part of diapirs and the circumferential D13-1 gas field (similar to the characteristics of gas in shallow N 2 y in this gas field), with 22.21%e84.66% CH 4 and 1.94%e69.40% CO 2 , respectively. In contrast, it varies in a narrow range in the DF13-2 gas field which is farther away from the DF1-1 diapirs and contains mainly hydrocarbons (55.18%e 85.36% CH 4 ) and low CO 2 (generally less than 4.0%). The gas composition in the overpressure zone in the DF29-1 gas field is similar to that of shallow layers, which is characterized by low hydrocarbons and high CO 2 . 2 The content of heavy hydrocarbon is low, generally less than 3.0%, and it decreases as the carbon number increases. 3 Gas drying coefficient (C 1 /C 1À5 ) is mostly between 0.95 and 0.99, indicating typical dry gas. 4 The content of N 2 is in the range of 1.31%e30.15% and it is more than 5.0% in most gas reservoirs.
Characteristics of isotope of gas composition and its difference
Compared with that in the middle-shallow gas, methane carbon isotope (d 13 C 1 ) of gas in deep high-temperature and overpressure zones is distributed in a narrower range (Fig. 4) (from À39.27‰ to À30.28‰). There are more samples with heavy d 13 C 1. Gas samples with d
13
C 1 less than À40.0‰ are not observed, indicating higher maturity of deep gas. Ethane and propane carbon isotopes show a wider distribution than those in shallow gas samples. The d 13 C 2 and d 13 C 3 of gas in the overpressure zone are generally from À24.0‰ to À27.0‰ (Fig. 4) , suggesting a larger contribution of deep gas sources. The d 13 C CO2 of gas in the overpressure zone shows basically the same distribution range as that of the shallow layers (mainly À20.0‰e0‰), implying organic origin and inorganic origin.
It is worth noting that the natural gas in the high-temperature and overpressure zone in the central diapir zone of the basin shows different d 13 C 1 distribution. The d 13 C 1 (mostly between À40.0‰ and À33.1‰) of gas in the DF13-2 gas field which is farther away from the diapirs is significantly lighter than that (mostly between À34.0‰ and À30.0‰) in the DF1-1 gas field in the core part of the diapirs and circumferential D13-1 gas field (Fig. 5) . The d 13 C CO2 of gas in the DF13-2 gas field is mostly less than À10.0‰, implying principally organic origin. The d 13 C CO2 of gas in the DF13-1 gas field and the DF1-1 gas field ranges from À10.5‰ to À0.65‰ (mostly more than À6.0‰), indicating mainly inorganic origin. This difference of carbon isotopes of gas composition in the deep overpressure zone is a signal of limited influence scope of diapirs. The DF13-1 gas field which is farther from the diapirs may be a relatively independent reservoir unit affected by diapirs.
In addition, partial reversal sequence (i.e.
is often shown in the gas in high-temperature and overpressure zone in the central diapir of the basin. However, the quantity of reverse gas samples is different in all regions. Overall, gas samples in the DF1-1 gas field in the core of the diapirs are characterized by partial reverse. Some gas samples in the DF13-1 gas field on the periphery of diapirs are characterized by partial reverse. Gas samples in the DF13-2 gas field which is farther from the diapirs are chiefly characterized by positive sequence.
Genetic type and source analysis of gas in hightemperature and high-pressure zones
Ethane carbon isotope of gas is a good indicator used to distinguish oil-type gas and coal-type gas. The ethane carbon isotope of gas in the overpressure zone in middle-deep layers is from À28.79‰ to À22.32‰. It should be coal-type gas according to the discriminating standard proposed by Dai Jinxing et al. The same view is drawn from d 13 C 2 -iC 4 /nC 4 diagram. According to the relationship between methane carbon isotope of gas (d 13 C 1 ) and the difference between methane carbon isotope of gas (d middle-deep layers in the central diapir zone of the basin is thermogenic gas. Gas in the Huangliu Formation and Meishan Formation in the DF1-1 and DF13-1 gas fields is high-mature gas (corresponding R o of 1.34%e1.69%). Gas in the Huangliu Formation in the DF13-2 gas field is mature-high mature gas (corresponding R o of 0.83%e1.43%). When the underground figured in, it is corresponding to Meishan-Sanya Formation source rocks or Oligocene source rocks. In addition to alkane, CO 2 is also a common non-hydrocarbon component in gas in the deep overpressure zone in the study area. The CO 2 content and isotopic characteristics vary greatly in the gas reservoirs. It can be seen from the d 13 C CO2 -CO 2 content diagram that d 13 C CO2 of CO 2 in the overpressure zone in the DF1-1 and DF13-1 gas fields is from À9.37‰ to 0.65‰ (generally heavier than À6.0‰), and the content of CO 2 is more than 20%, implying typical inorganic gas. In contrast, CO 2 in the overpressure zone in the DF13-2 gas field is generally organic gas (lighter d 13 C CO2, generally less than À10‰), and it is generally less than 2% (Fig. 6 ) and associated with methane-rich alkane gas. It reflects difference of gas source in the core part and wings of the diapir.
Gas accumulation periods in high-temperature and high-pressure zones
Reservoir homogenization temperatures of Ⅲ gas group of Huangliu Formation in Well DF1-1-12 indicate that there are at least two periods of fluid filling: the first period is from 100 C to 140 C; the second period is 160e200 C (Fig. 7 ). From gas composition and isotope in gas reservoirs, it is inferred that fluids in the two periods are mainly alkane gas with low content of CO 2 . Mixed filling of gas in two periods led to the partial reverse of carbon isotope of alkane gas in the gas reservoir. In addition, from variation of the content of illite in clay mineral and the content of smectite in the illitesmectite layer with depth in Well DF1-1-12, it can be seen that the content of illite in the gas reservoirs is significantly lower than that of surrounding mudstones, and the content of smectite in the illite-smectite layer is higher than that of the surrounding rock, which is closely related to early gas reservoir filling and inhibited conversion of clay minerals [7e9] .
Reservoir homogenization temperatures of fluid inclusions of I gas group of Huangliu Formation in Well DF13-1-4 and II gas group of Huangliu Formation in Well DF13-1-6 indicate that there are at least three periods of fluid filling in these two gas reservoirs: the first period is 110e150 C, the second period is 150e190 C, and the third period is 190e230 C (Fig. 7) . From the comparison of characteristics of reservoir homogenization temperatures of fluid inclusions, gas composition and carbon isotope of the two wells with that of Ⅲ gas group of Huangliu Formation in Well DF1-1-12, it is easy to determine that fluid in the third period is mainly inorganic CO 2 (d 13 C CO2 > À4.0‰). The content of CO 2 in gas reservoirs is more than 40%, corresponding to the fourth period of fluid filling of shallow gas in Well DF1-1 analyzed by Hao Fang et al. [10] , namely CO 2 is filled in the final period. The carbon isotope of CO 2 in this gas reservoir (d 13 C CO2 ) is more than À4.0‰, which may be formed by the decomposition of deep inorganic carbonate rocks. High temperature of the fluid filling in this period (greater than 190 C) led to the abnormal conversion of clay mineral in the gas reservoir, namely, the content of illite in the clay mineral is considerably higher than that of the surrounding mudstone.
From the relationship between the content of CH 4 and CO 2 and the carbon isotope of gas in the overpressure zone, it is concluded that gas with a methane carbon isotope of more than À34.0‰ (corresponding R o >1.33%) is either associated with inorganic CO 2 (e.g. DF1-1-13, DF13-1-4, DF13-1-6 and DF13-1-8 wells) or symbiotic with organic CO 2 (e.g. II gas group in Well DF13-1-10, Ⅲ gas group in Well DF1-1-1 and Well DF1-1-12, I gas group in Well DF13-2-7). The content of CO 2 is not high in gas symbiotic with organic CO 2 , signaling a period of high-over-mature alkane gas filling, whose d 13 C 1 is more than À34.0‰ in the deep overpressure zone (Fig. 8) . Gas in this period is not filled with inorganic CO 2 in the same period, and it is also different from the fluids in the second and third periods in the middle-shallow zones in the DF1-1 gas field, whose d 13 C 1 is between À40.0‰ and À36.0‰. Previous studies have also pointed out that alkane gas filling was early and inorganic CO 2 filling was late in the central diapir zone in the Yinggehai Basin [10e13]. The charging period was from 0.4 Ma to present [6] . Based on the previous studies and the above analysis, it is believed that there are four periods of fluid fillings in the deep overpressure zone in the basin. Specifically, the first three periods were thermogenic alkane gas filling; high-over mature gas and inorganic CO 2 were the last two periods, but was earlier infilled than inorganic CO 2 . There are four kinds of genesises of partial reversal of organic gas [9] : ① one or some components of alkane gas oxidized by bacteria; ② mixture of organic and inorganic gas; ③ mixture of oil-type gas and coal-type gas; and ④ mixture of gas of the same period and different sources.
4.4.1.1. Carbon isotope reversal of alkane gas not caused by the bacteria oxidation of some components. Currently, the content of alkane gas of gas with carbon isotope reversal decreases as the carbon number increases. Therefore, the carbon isotope reversal is not caused by bacterial oxidation. The burial depth of gas reservoirs with carbon isotope reversal is more than 2000 m (especially for middle-deep Huangliu Formation gas, whose burial depth is between 2700 m and 3500 m) and gas reservoir temperature is from 95 C to 145 C. It is impossible for bacterial oxidation. In addition, the propane content reduces much faster than isobutane in the biodegradation process. It is clearly seen on the C 2 /iC 4 -C 2 /C 3 diagram that gas in the middledeep overpressure zone is not subjected to biodegradation. The change of component content is mainly caused by thermal maturity (Fig. 9) . Therefore, the main reason for isotope reversal of gas in the study area may be not bacterial oxidation.
4.4.1.2. Carbon isotope reversal of alkane gas not caused by the mixture of organic and inorganic alkane gas. Methane carbon isotope of organic and inorganic gas is generally À30.0‰ [9] and alkane carbon isotope series of inorganic gas is completely reversed (i.e.
. Currently, methane carbon isotope of gas discovered in the Yinggehai Basin (either middle-deep layer or shallow layer) is lighter than À30.0‰ and no completely reversed carbon isotope series have been discovered, indicating no inorganic alkane gas in the Yinggehai Basin.
4.4.1.3. Carbon isotope reversal of alkane gas not caused by the mixture of oil-type gas and coal-type gas. Currently, ethane carbon isotope of gas discovered in the middle-deep layer and shallow layer in the central diapir zone in the basin is more than À29.0‰. For most samples, it is more than À27.0‰ (Fig. 4) , signaling predominantly coal-type gas. There is no exact oil-type gas. In addition, organic matters of Miocene and Oligocene source rocks in the Yinggehai Basin are of humic type instead of sapropelic type. There is no material basis for the formation of oil-type gas. Therefore, the mixture of oil-type gas and coal-type gas is not the main reason for carbon isotope reversal of gas in the study area.
4.4.1.4. Carbon isotope reversal of alkane gas resulted from multi-phase mixing. According to the identifying equation of mixture gas proposed by James, gases of Huangliu-Meishan Formation in the DF1-1 gas field and Huangliu Formation in the DF13-1 gas field both fall in the mixing zone of gas at high evolutionary stage, while gas of Huangliu Formation in the DF13-2 gas field falls in the mixing zone of gas at low evolutionary stage (Fig. 9) . It means that gases of DF1-1, DF13-1 and DF13-2 gas fields were a mixture with different maturity. Previous study of inclusion homogenization temperature and gas charge periods shows that there are three periods of hydrocarbon charging in the deep overpressure zone. Maturity of the first two periods of gas is relatively low and that of the last period is high-over mature. In addition, previous studies also show that there are at least three periods of fluid fillings in the shallow layers in the DF1-1 gas field. In the first two periods, mainly CH 4 was filled, with only a small amount of organic CO 2 . Carbon isotope of hydrocarbons filled in the second period is heavier than that in the first period. Therefore, there were multiple periods of methane-rich gas filling in the DF area with quite different maturity, which may be the main reason for carbon isotope reversal in the study area.
4.4.2.
Causes of differences of geochemical characteristics of gas in high-temperature and high-pressure zones 4.4.2.1. Plane difference of geochemical characteristics of gas in high-temperature and high-pressure zones and its genesis. As was stated previously, high-over mature gas and inorganic CO 2 that were charged in the late period are dominant in the deep high-temperature and overpressure zones in the DF1-1 gas field in the core part of diapirs and the peripheral DF13-1 gas field. Early alkane-rich gas with low content of organic CO 2 exists in the diapir-affected area and the DF13-2 gas field which is farther away from the diapirs. This distribution pattern is related to the effect intensity of diapir activities and the type of transporting pathways in gas fields. Effect intensity of diapir activities can be reflected by the distance, i.e., the farther away from the diapirs, the weaker effect intensity of diapir activities. From the relationship between the content of CH 4 and CO 2 and carbon isotope of gas in the gas reservoirs in the middle-deep overpressure zone and the distance to the diapir (Figs. 10 and 11) , it is seen that the content of CH 4 increases, the content of CO 2 decreases, CH 4 carbon isotope decreases (maturity decreases) and CO 2 carbon isotope also decreases with the increasing distance from the diapir (i.e. effect intensity of diapir activities decreases). Organic gas gradually dominates, indicating that early accumulated gas of low maturity can be preserved better under the weak effect of diapir activities with weakened transformation effect of late inorganic CO 2 . It can be determined that the influence scope of DF1-1 diapir should be within 10 km from the core part. The influence may be very weak (or not affected) outside of the range. The gas quality is better, dominated by alkane-rich gas. Distribution of gas in the deep overpressure zone is related to differences of types and ways of combination of transport pathways in the DF1-1, DF13-1 and DF13-2 areas: minor faults and fractures are vertical transport pathways in the DF13-2 area. These nearly vertical faults, with small fault throws, are developed within layers or terminate in the middle-upper part of the Meishan Formation. The diapirs are main transport pathways in the core of DF1-1 diapir and periphery DF13-1 area. These diapirs span MeishaneSanya Formation or even go through deep Oligocene source rocks. In addition, inorganic CO 2 dominates gas composition in gas reservoirs discovered in the middle-shallow Yinggehai Formation in Well DF13-2-9 in the DF13-2 gas field. The d 13 C CO2 is À4.22‰ and d 13 C 1 is À32.3‰, suggesting that the third or fourth period of gas filling also occurred in this area. However, because it is far away from the diapir and diapir activities have weak effect, the third or fourth period of gas formed at later stage didn't significantly affect early accumulated gas reservoirs, but migrated to and accumulated in middle-shallow layers. This further illustrates that the plane difference of geochemical characteristics of gas in the overpressure zone is not caused by difference of gas source and charging period, but closely related to the effect intensity of diapir activities.
4.4.2.2.
Vertical difference of gas geochemistry in the core and periphery of diapirs and its genesis. Gas composition and isotopic characteristics of the DF1-1 gas field and the DF13-1 gas field in the core of the diapir are similar, indicating that their gas sources are the same. Gas in the deep overpressure zone of the two gas fields is dominated by late high-over mature alkane gas and inorganic CO 2 , while high-over mature alkane gas associated with organic CO 2 also develops in middle-shallow layers. The authors believe that this is the hydrocarbon accumulation characteristics formed by multiphase activity of the DF1-1 diapir and periodic release of overpressure of the basin [5, 6] . In other words, mature-high mature gas formed at early stage (characterized by alkane-rich and organic CO 2 ) accumulated in the overpressure undeveloped Huangliu Formation (or Meishan Formation) reservoir until the formation of overpressure and reactivity of diapirs. Mature-high mature gas was destroyed and mostly re-migrated (or loss) to and accumulated in shallow Yinggehai Formation. The overpressure body reclosed after the overpressure was released. Then late-generated high-over mature gas and inorganic origin accumulated in the middle-deep Huangliu Formation. Residual early-accumulated mature-high mature gas was mixed with high-over mature gas generated later, forming the partial reversal of carbon isotope of the alkane gas in gas reservoirs in the core and the periphery of diapirs. Inclusion homogenization temperatures of Wells DF1-1-12, DF13-1-4 and DF13-1-6 show that there is a period of mature-high mature alkane gas (corresponding to 100 Ce140 C) filling in the overpressure zone in the middle-deep layer. However, gas discovered in Huangliu Formation (or Meishan Formation) in the DF1-1 gas field and the DF13-1 gas field is high-over mature gas. This contradiction is a true reflection of the mode of migration and replacement in and out of the overpressure zone and re-accumulation by segmentation. In addition, methane carbon isotope of gas in Well DF1-1-11 at 3410e3450 m of Meishan Formation is À30.69‰ (calculated R o is 1.65%), while the drying coefficient (C 1 /C 1À5 ) is 0.85, showing the characteristics of wet gas. The abnormality is caused by the mixture of high-over mature gas and residual early mature gas in the overpressure zone.
Efficient accumulation of HPHT gas in the diapir flanks
The basin was under depression in the Meishan Period and Huangliu Period of middle Miocene. Source from Hainan uplift and Kunsong uplift on the east and west sides of the basin migrated to the central basin from slopes in shallow marine background. Due to the transformation of the Red River fault from sinistral to dextral strike-slip extension, the basin was strike-slip extensional. Activity of slopes on both sides of the basin enhanced, which easily induced gravity flow and formed submarine fans in the front of the delta [14] . Tectonic inversion was intensified in the late Miocene (5.5 Ma) and echelon-arranged diapirs were formed in the central basin. The area of single anticline trap formed by upwarp of the strata is 60e300 km 2 , and the traps were set around 2.7 Ma when 2000e500 m thick mudstone dominating the strata of the lower member of Yinggehai Formation deposited on the overlying strata. Whereas, the toe of submarine fan of the Meishan and Huangliu periods evolved from downlap to apparent onlap forming updip pinch-out lithologic Fig. 9 . Genesis of carbon isotope reversal of gas in the high-temperature and overpressure zone of the Yinggehai Basin. Fig. 10 . Changes of composition of gas in the deep high-temperature and overpressure zone in the DF1-1, DF13-1 and DF13-2 gas fields, Yinggehai Basin. traps. Submarine fans of different periods can form multiple lithologic traps [15] . Hydrocarbon and CO 2 non-hydrocarbon gas generated in the deep zone were carried by diapir activities and migrated upward, which accumulated in lithologic traps or anticline traps in the upper part of diapirs. In the middle-late Pliocene, relatively higher temperature and pressure occurred in Sanya and Meishan Formations; source rocks of Meishan Formation were at the mature stage and source rocks of Sanya Formation were at the high mature stage. Moreover, upwarp of diapirs occurred in the Dongfang area again and lasted longer. Fractures and micro-fractures opened for a long time and gas migration pathways were unblocked. Main traps in Huangliu Formation and Meishan Formation were shaped. A large set of mudstone deposited in the second member of Yinggehai Formation can be the cover of the study area. They both provided rich gas source for the Huangliu Formation and Meishan Formation in the deep part of the basin. Temperature and pressure further increased in the late sedimentary stage of Ledong Formation (1.5 Ma) and source rocks of Sanya Formation entered the over-mature evolution stage. The content of inorganic CO 2 was high in gas generated by source rocks of Sanya Formation. Source rocks of Sanya Formation were in the late mature-high mature stage, serving as the main gas source of deep traps in the basin. Another period of upwarp of diapirs occurred in the Dongfang area and the core of diapirs were seriously rupture. Most gas reservoirs were destroyed. Only some low-permeability gas reservoirs resided. Mixture of dissipated gas and a new wave of gas in the deep part migrated upward and formed secondary gas reservoirs at normal temperature and pressure in shallow layers. Gas reservoirs have complicated constituents and high content of non-hydrocarbon. A series of fissure clusters developed in the flanks. Huangliu Formation and Meishan Formation traps formed at early stage were transformed partly and loss or remigration of gas occurred. The closer to the core of the diapir, the worse the sealing quality is. Only gas reservoirs 5e10 km away from the diapir were less damaged and hydrocarbon-dominating gas reservoirs were preserved. For these reasons, the diaper flanks are the best place for the development of high-temperature and high-pressure hydrocarbon gas reservoirs. According to the statistical analysis, reserves abundance is (3e5) Â 10 8 m 3 / km 2 , indicating efficient accumulation. Based on the research on reservoir-forming elements in the Dongfang area and the allocation relation, and considering the differences of geochemical characteristics of middle-deep gas reservoirs in the DF1-1, DF13-1, DF13-2 and DF13-2w gas fields, the gas accumulation mode in the diapir zone of the Yinggehai Basin was established (Fig. 12): 5.1. "Mixed-phase transformation mode" of semienclosed overpressure system in the core and periphery of a diapir Gas migration and accumulation in the core of a diapir is closely related to diapir activities. Phase behavior of fluid migration and charging mechanism are different in diapir resting stage and diapir active stage. However, gas accumulation in this zone is more significant in diapir active stage. In the diapir resting stage, micro-fractures and fractures in the core of diapirs are closed. Expulsed hydrocarbons accumulate substantially in deep areas. On the one hand, it forms the material basis for episodic migration and accumulation of mixed phases in diapir active stage. On the other hand, gas slowly migrates to shallow layers through the seal in aqueous phase under surplus pressure difference of source rock-reservoir, and accumulates through exsolution in water-dissolving phase. Micro-fractures and fractures in the core of diapirs open in diapir active stage and overpressure compartments are ruptured. Accumulated gas remigrates and accumulates as secondary gas reservoirs in shallow traps. Deep miscible fluid (gas of water dissolving phase and free phase, formation water of vapor and liquid phase) rapidly migrates to shallow strata under high source-reservoir surplus pressure difference. If it encounters reservoirs or traps, gas in water-dissolving phase accumulates through exsolution and episodic charging of free gas occurs. A continuous column of free phase gas reservoirs can be formed in deep high-temperature and high-pressure zone in the basin due to the free differentiation of gas with buoyancy under deep reservoir conditions. In the core of the diapir, gas reservoirs formed in diapir activity are strongly transformed by the next period of diapir activity. Therefore, late high-over mature gas can only accumulate in Huangliu Formation and Meishan Formation in the high-temperature and high-pressure zone in the core of the diapir, while mature gas and high-over mature gas can accumulate in the shallow normal pressure zone. Currently, deep gas in the DF1-1 and DF13-1 gas fields accumulates in this mode.
"Gas-phase seepage mode" in distal diaperaffected area
The distal diapir-affected area is a closed overpressure system. A lot of micro fractures connecting source rocks and reservoirs developed in the deep part as vertical transport pathways. These micro-fractures are nearly upright. Deep fluid mainly migrates to shallow Huangliu Formation reservoirs through micro-fractures in free phase or mixed phase in the diapir active stage due to the weak impact of diapir activities. The migration force is mainly buoyancy. Therefore, primary gas reservoirs are formed in traps where early mature gas accumulates in the high-temperature and highpressure zone in this area, due to the weak transformation of late high-over mature gas and inorganic CO 2 in the diapir active stage, whereas late-generated high-over mature gas and inorganic CO 2 migrate and accumulate in the traps of the shallow normal pressure zone. It means that difference of geochemical characteristics of gas in deep and middleshallow layers and distribution in this zone is similar to the conventional gas reservoirs formed by buoyancy. Gas accumulation in the DF13-2 gas field in the study area manifests the feature.
5.
3. "Water-phase desolvation mode" of a closed overpressure system in the non-diapir zone
The non-diapir zone in the central depression is in a closed overpressure system, where micro fractures formed by hydraulic fracturing may occur, but micro-fracture channels for long vertical migration of fluid is scarce. Hydrocarbons (mainly gas) generated in source rocks accumulate substantially in the deep layers, forming the material basis for gas accumulation in middle-deep layers in the non-diapir zone. Gas of water-dissolving phase slowly migrates to shallow strata through the seal or micro fracture under high sourcereservoir surplus pressure difference. Such gas gradually supersaturates and precipitates free gas bubbles due to the temperature and pressure decreases in the migration process and accumulates when encounters appropriate traps. 
Conclusions
(1) Three gas-charging mechanisms exist in the high-temperature and high-pressure zone in the Yinggehai Basin, namely, slow free gas charging and accumulation under buoyancy, slow charging, evolving and accumulation of water-dissolving gas, and mixed-phase episodic accumulation. Specifically, slow charging, evolving and accumulation of water-dissolving gas is the main accumulation mode in intermittent of diapir active stages or in non-diapir zones, and mixed-phase episodic accumulation mainly occurs in the core and periphery of the diapir in the active stage. (2) The influence scope of diapir activities is roughly 10 km from the core of the diapir. Early gas reservoirs in the high-temperature and high-pressure zone of the core of the diapir were subjected to multi-phase transformation. It is less possible to form large hydrocarbon-dominating gas reservoirs. Well-preserved primary gas reservoirs formed early are in the diaper flanks. The non-diapir zone is presumably the water solution, evolving and accumulation zone. (3) Three gas accumulation modes exist in the high-temperature and high-pressure zone in the diapirs in the Yinggehai Basin, namely "the mixed-phase transformation mode" of semi-closed overpressure system in the core and periphery of the diapir, "the gas-phase seepage mode" in the diapir flanks, and "the water-phase desolvation mode" of a closed overpressure system in the non-diapir zone.
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